In the last several years many scientists have been using poorly resolved coupled models to study the El NinoSouthern Oscillation (ENSO). It has been very common to state that an ENSO cycle found in a model cannot have oceanic Kelvin waves as a mechanism because such waves do not exist in an ocean model with g rid spacing.
Introduction
Wyrtki ( 1975) presented a hypothesis that equatorial Kelvin waves are the physical and dynamical mechanism that allowed the western Pacific Ocean to communicate rapidly with the central and eastern equatorial ocean. Many wind-driven ocean models and coupled air-ocean models contain this mechanism for the EI Nino-Southern Oscillation (ENSO) problem. In the last several years many scientists have been using poorly resolved coupled models to study ENSO. It has been stated that an ENSO cycle found in a model cannot have oceanic Kelvin waves as a mechanism because such waves do not exist in an ocean model with coarse grid spacing (in particular, coarse spacing in the meridional direction) (e.g., Philander et at. 1989) . However, this note will demonstrate that Kelvin waves can exist in models with coarse grids. The result we present here has been published for coastal Kelvin waves by Hsieh et at. (1983) . Unfortunately, this paper is not well known to large-scale modelers.
Numerical equatorial Kelvin waves
We consider the numerical solution to the linear shallow-water equations on an equatorial fJ plane:
where g is gravity (or reduced gravity) and H is the layer depth in the undisturbed basic state.
The u term in (2b) is the average of the four u values around v},k' and y is the value of y at that v.
Applying the operator Z -Z -I to both sides of ( 2a) and substituting from (2c), we find that 
where we have factored out the exponential term and a(y) and used the notation R = cAlI Ax. Rewriting this equation gives the numerical dispersion relation sin«(a)Al) =:tR sin(KAx). As in the analytic solutions of the equations, however, only the positive solution corresponds to a meridional structure decaying as I yl -00. We will now show why this is so. Note that the dispersion does not depend on the grid spacing in y; the y grid spacing affects only the meridional structure of the waves. We use bk and ak to denote the values of b(y) and a(y) at the points where the y subscript of u and h is k. Using this notation and the exponential forms for u and h, we find that (2b) and (2c) give ,t1y(ak
Rewriting these in terms of sines and cosines of ",Ill. and K ~x, applying the dispersion relation, and substituting gives fJy(ak + ak-l) cos(K~x) = +c(ak -ak-I)/ ~y. We can rewrite this to give the recur- This series diverges to -00 as k -00, so the sum of the logarithms also approaches -00 and the product approaches O. Thus, ak -0 as k -00. If the dispersion relation with the minus sign is used, however, the ratio of successive ak's becomes -(k + a)(k -a) -I, with absolute value the reciprocal of that of the ratio in the previous case. Thus, I ak I -00 as k -00. In fact, ak might become infinite at some k.
Thus, we see that, just as in the continuous problem, only one branch of the dispersion relation represents a realistic solution to the problem. As in the continuous case, that is the branch that has eastward group velocity. (Note that the Kelvin waves in this discrete model are dispersive, unlike those in the continuous model.) This group velocity does not depend on the grid spacing in y, only on the time step and the grid spacing in x. The results on growth and decay at infinity hold for negative y as well because of the symmetry of the equations. It should be pointed out here that the results on the meridional structure depend on cos(KdX)'S being nonnegative. If K is less than the Nyquist frequency, 2~4dX)-I, for the spacing of2dX that separates grid points for the same variable, that will always be the case. If, however, we consider waves with higher wavenum~ (say, forexampie, a wave with K = 2'1r(2dx)-I, which would give u constant at a given latitude and h constant and of the opposite sign), then cos(KdX) < O. For such waves, the negative branch of the foregoing solution is appropriate, and the waves propagate westward. This type of unphysical solution is not unusual in numerical models, but since most ENSO interannual Kelvin waves are at least 10000 km long, this phenomenon will not affect them.
The dependence of the meridional structure on dx and K is only through COS(KdX). Since this will be approximately 1 for waves with zonal wavelength long enough that they are well resolved by the model, we will calculate meridional structures using a fixed value of the cosine. The important quantity in determining the structure is dY, as we will see.
Substituting k = 0 into the recursion formula for a, we see that Uj,O = Uj,-l, so the wave is symmetric about the equator. Figure 1 shows the exact meridional structure and the numerical structure for a wave with K = 2..-( 16dx)-1 and dy = 100 km; Fig. 2 shows the numerical structure for dy = 300 km. With H = 200 m and g a reduced gravity equal to 0.002 times actual gravity, the physical KelVin-wave speed is approximately 1.98 m S-I and the meridional structure of U and h is proportional to exp 
The deformation radius (C/fJ)I/2 is approximately 294 km. With the given resolution in y, only the point at y = I ()() in Fig. I is within one deformation radius of the equator (although the next point, y = 300, is just outside it). Nevertheless, the numerical structure is very close to the exact structure. A result simiJar to this can be found for waves modeled with a full grid. (The s0-lution on the B grid cannot be separated into a product of a function of y and a function of x and 1; however, numeral tests we have done show that a Kelvin wave can exist even for large meridional grid spacing.) In Fig. 2 , no u point is within a deformation radius of the equator, but the numerical structure is very rouab1v
Conclusions
Kelvin waves are gravity waves. They will occur in any ocean model if there is a time change in the divergence of the east-west wind stress. Only waves shorter than 2dX will not occur. Most ENSO interannual Kelvin waves are at least 10000 km long and thus will still appear in most poorly resolved ocean general circulation models.
